A ffinity maturation of the Ab response is a hallmark of adaptive immunity. Affinity maturation is a process by which Ab produced in response to immunization show increased binding strength to their target Ag over time. This process involves both clonal selection (1) and somatic hypermutation (SHM) 4 (2) . A broad range of studies using cellular and molecular approaches are providing an increasingly complete appreciation of the molecular mechanisms underlying these processes. CD4 ϩ T cells are activated by encounter with proteolytically processed Ag presented on APC (3) (4) (5) . In contrast, naive B cells can be primed by either soluble (6) or membrane-bound unprocessed Ag (7) . Priming of Ag-specific B and T cells is thought to occur in the B cell and T cell zones of secondary lymphoid tissues (8) . Within 1-3 days after immunization, IgM ϩ Ab-secreting cell (ASC) clusters appear in bridging channels between the red pulp and the periarteriolar lymphoid sheathes of the spleen or in the medullary cords of lymph nodes (9) . The bridging channel ASC are thought to arise largely from marginal zone B cells (10) . In contrast to activated marginal zone B cells, Ag-primed follicular B cells and T cells relocate to and interact at the junction between the B cell and T cell zones. There, B cells present processed Ag to CD4
ϩ T H cells (11) . Class switch recombination (CSR) also occurs at the B cell/T cell interface (12) . Activated Ag-specific B and T cells subsequently migrate to the follicles and enter into germinal center (GC) reactions (8, 13) . Within the GC structure, GC B cells interact intimately with the local cellular microenvironment and here it is thought that the GC B cells undergo SHM, affinitybased selection, and differentiation into memory B cells and longlived ASC (8) . When C57BL/6 mice are immunized with (4-hydroxy-3-nitrophenyl)acetyl (NP)-haptenated proteins, B cells expressing the V H 186.2 gene paired with a 1-L chain (LC) predominate in the repertoire of responding cells. The B1-8i mouse strain was created by targeted insertion of a V H 186.2(DFL16.2)J H 2 gene into the H chain (HC) locus of a 129/Ola ES cell (14) . B cells that coexpress this B1-8 HC transgene with an endogenous 1-LC express the a allotypic variant of the HC and confer specificity to the hapten NP.
Because not all -LC-bearing B cells that pair with the B1-8 HC have the same NP-binding affinity, the -LC-bearing B cells in the B1-8i strain do not act as a true monoclonal population. Nevertheless, because the predominant -LC in mice is 1, we considered this NP-binding population to be functionally monoclonal.
In wild-type (WT) mice, as the immune response progresses, increasing numbers of high-affinity ASC and memory B cells are detected in secondary lymphoid tissues and bone marrow (BM). Clonal proliferation of high-affinity B cells is thought to be the result of competition for growth signals between high-affinity B cells, low-affinity B cells, and B cells with no affinity to the Ag. This competition is defined as interclonal and is widely accepted as a mechanism for selection of high-affinity B cells within the GC. We demonstrate that, in addition to interclonal competition between B cells that express different BCR, elevated numbers of B cells expressing similar or identical Ig genes undergo intraclonal competition. When elevated, this form of competition results in the reduction of the high-affinity Ab response and alters the pathways that lead to generation of high-affinity ASC.
Boston, MA). It was backcrossed to the C57BL/6 strain for at least 10 generations. Previous studies have demonstrated that the B1-8 knock-in allele effectively excludes the endogenous allele (14) . Therefore, we used heterozygous mice in all subsequent studies. Mice were immunized i.p. with 50 g of NP-keyhole limpet hemocyanin (KLH; Biosearch Technologies) precipitated in alum (Sigma-Aldrich) and boosted with 25 g of NP-KLH at day 25. All immunization protocols followed this time line and dose unless stated in the text. Mice were housed in a barrier facility and maintained under protocols approved by the Institutional Animal Care and Usage Committee at the University of Alabama at Birmingham.
Abs and reagents
Monoclonal mouse anti-IgM a -PE, anti-IgM b -FITC, anti-B220-PerCP, anti-B220-allophycocyanin-Cy7, anti-IgG1 a -biotin, anti-IgG1 b -biotin, anti-CD138-PE, and anti-MHC II-PE, were purchased from BD Biosciences. Anti-CD22-PE-Cy5 was purchased from Abcam and anti-CD38-FITC was purchased from eBioscience. Monoclonal rat anti-mouse IgM-HRP, antiIgG1-HRP, and streptavidin-HRP were purchased from Southern Biotechnology Associates. Polyclonal goat anti-mouse IgM, goat anti-mouse IgG, and mouse IgG1 Abs were purchased from Sigma-Aldrich. NP-allophycocyanin was made by coupling NP-Osu (Biosearch Technologies) with allophycocyanin (ProZyme) in N,N-dimethylformamide.
Immunofluorescence microscopy
Freshly isolated tissues were embedded in Tissue Tek OCT compound (Fisher Scientific) and frozen by floating the tissues on liquid nitrogenchilled 2-methylbutane. Eight-to 10-m sections were cut on a cryostat (Leica), air dried on Superfrost Plus slides (Fisher Scientific), and fixed for 10 min in acetone at 4°C before storage at Ϫ20°C until further use. Nonspecific binding was blocked using a combination of 10% rabbit and 10% goat serum together with a biotin blocking kit (Vector Laboratories), followed by staining with primary and secondary Abs or 4-hydroxy-3-iodo-5-nitrophenylacetyl (NIP)-biotin (NIP-biotin; Biosearch Technologies). Signals due to bound NIP were enhanced using streptavidin-HRP Alexa Fluor 350 Tyramide Signal Amplification System (Invitrogen).
Flow cytometry
Single-cell suspensions from spleen tissues were stained with the indicated Abs or NP-allophycocyanin. For adoptive transfer experiments, purified B cells were prepared by incubation with MACS anti-CD43 beads and fractionation with the AutoMACS (Miltenyi Biotec) according to the manufacturer's protocols. For intracellular staining, cells were incubated with mAb 24. G2 and anti-mouse IgG1 to block Fc receptors and surface IgG1. The cells were fixed and permeabilized using CytoFix/Cytoperm (BD Biosciences) and then intracellular IgG1 was stained according to the manufacturer's guidelines. Cytometric data were acquired using an LSR II (BD Biosciences) and analyzed using FlowJo software (Tree Star).
ELISA
Immunlon plates (Thermo Labsystems) were coated with 10 g/ml NP 24 BSA or NP 2 BSA (Biosearch Technologies) overnight at 4°C. The plates were washed with 0.05% Tween 20 in PBS (PBS-Tween20) and blocked for 1 h at 37°C with blocking buffer consisting of 1% BSA in PBS-Tween 20. All subsequent incubations were at 37°C for 1 h. Sera were diluted in blocking buffer, added to the NP-BSA-coated plates, and incubated for 1 h. Unbound Abs were removed by washing and bound Abs were detected using anti-mouse IgM-HRP or anti-mouse IgG1-HRP. For allele-specific ELISA, NP-reactive IgG1 Abs that were produced by WT B cells were detected by anti-IgG1 b -biotin, while NP-reactive IgG1 Abs produced by B1-8 B cells were detected with anti-IgG1 a -biotin followed by streptavidin-HRP. Unbound Abs were removed by washing and ABTS (Roche Applied Sciences) substrate was added. The reaction product was detected at OD 405 . Serial dilutions of mouse sera were performed to determine the working dilutions and dilutions that produced OD that were within the linear range for the assay were used. In the indicated experiments, the concentrations of Abs in mouse sera were normalized as follows. ELISA plates were coated with polyclonal goat anti-mouse IgM or IgG followed by incubation with mouse IgM or IgG subclass isotype control Abs. Secondary HRP-conjugated detection Abs were added as described above. The concentrations of the standard Abs were converted into arbitrary units. The Ab concentrations in experimental samples were similarly converted to arbitrary units based on the dilutions that yielded OD measurements in the linear range.
ELISPOT MAHA (Millipore) plates were coated overnight at 4 o C with 10 g/ml NP 24 BSA or NP 2 BSA, then washed, and incubated for 1 h at 37°C with blocking buffer. BM cells were harvested and suspended in RPMI 1640 supplemented with 10% FBS. Cells were added to each well at the concentrations described in the text and cultured for 12 h at 37°C in a humidified chamber under 5% CO 2 . All subsequent blocking, washing, and incubation with primary and secondary Abs were performed as described for ELISA. Bound anti-mouse HRP-conjugated Abs were detected with 3-amino-9-ethylcarbazole (Moss). Spots were systematically counted using the CTL ImmunoSpot Reader and analyzed with ImmunoSpot software (Cellular Technologies).
Lymphocyte adoptive transfer
For adoptive transfer experiments, the B1-8i ϩ/Ϫ mice were crossed with Ig Ϫ/Ϫ and CD45.1 mice, also on the C57BL/6 background. Recipient C57BL/6 mice were prepared for adoptive transfer by exposure to 500 rad from a cesium source. Two days after irradiation, the recipients were infused i.v. with a mixture of 1 ϫ 10 8 spleen cells from C57BL/6 mice and either 10 4 or 10 6 purified B cells from either C57BL/6, CD45.1, or B1-8 ϩ/Ϫ ϫ Ϫ/Ϫ ϫ CD45.1 mice. The purified B cells were prepared by depletion of CD43 ϩ cells with CD43 microbeads followed by magnetic-associated cell sorting with the AutoMACS Separator (Miltenyi Biotec). Two days after adoptive transfer, the mice were immunized i.p. with NP-KLH as described above.
Nucleotide sequencing
Spleen RNA was harvested using a RNeasy kit (Qiagen). All subsequent reagents for purification of RNA and sequencing were purchased from Invitrogen unless stated otherwise. cDNA was prepared using SuperScript III reverse transcriptase. V H 186.2 sequences were amplified from ␥1 HC transcripts using Pfu50 polymerase and two rounds of PCR with the following nested primer pairs: V H 186.2 forward, 5Јgatggagctgtatcatgctcttctt ggcag3Ј and IgG1 reverse, 5Јgctgctcagagtgtagaggtcagactgc-3Ј; V H 186.2 forward nest, 5Јatcgatttggcagcaacagctacagg3Ј, and IgG1 reverse nest, 5Јccggcctcaccatggagttagtttgg3Ј. The amplified products were purified using the ImmunPure PCR cleanup kit, cloned into the PCR-Blunt II TOPO vector using the Zero-Blunt TOPO cloning kit, and transformed into DH5␣-competent cells. Kanamycin-resistant colonies were picked and plasmids were purified with the Wizard SV 96 plasmid purification system (Promega). Sequence analysis was performed at the Genomics Core Facility of the Howell and Elizabeth Heflin Center for Human Genetics of the University of Alabama at Birmingham using the BigDye Terminator Version 3.1 Cycle Sequencing Ready Reaction Kit (catalog no. 4336919) and an Applied Biosystems 3730 Capillary Sequencer. All sequences were analyzed using the Vector NTI Advance Software (Invitrogen).
Statistical analysis
All ELISA and ELISPOT data were analyzed by performing a one-tailed t test assuming unequal variance. Significance was defined as p Ͻ 0.05.
Results

NP-reactive B cells in B1-8i
ϩ/Ϫ mice participate in the GC reaction To identify how frequently mature NP-reactive B cells are found in the peripheral lymphoid tissues of the B1-8i ϩ/Ϫ mouse strain, we analyzed spleen lymphocytes for NP binding by flow cytometry. In B1-8i ϩ/Ϫ mice, B cells that bind NP represent Ͼ1.5% of splenic lymphocytes (Fig. 1a) . The specificity of binding with NP-allophycocyanin was demonstrated by preincubating spleen cells with 15 ng/ml NP 24 BSA. This completely blocked subsequent binding of NP-allophycocyanin, whereas preincubation with BSA alone did not. Approximately 5% of murine B cells express -LC, with approximately one-half of these expressing 1. This correlates with the observed 2.5% of NP-binding splenic B cells in naive mice (Fig. 1b, right panel) . In contrast, NP binding is undetectable in naive C57BL/6 splenic B cells (Fig. 1b, left panel) . The fact that NP-reactive B cells were present in substantial numbers in B1-8i ϩ/Ϫ mice permitted the detection of Ag-induced changes in B cell localization in the spleen. Following immunization with NP-KLH plus alum, NP-reactive B cells which were initially distributed evenly in the B cell zones of the spleen relocalized to form foci at the T cell-B cell interface (Fig. 2a) and subsequently entered into GC reactions (Fig. 2c ) in a fashion similar to previous reports (12) . These changes in distribution of the NP-reactive cells were Ag specific since no changes in the distribution of NP-reactive cells were detected when B1-8i ϩ/Ϫ mice were immunized with KLH plus alum alone (Fig. 2b, right panels) .
Affinity maturation is impaired in B1-8i
ϩ/Ϫ mice
To address how the presence of increased numbers of NP-specific B cells affected the serum Ab response, we measured this response in immunized B1-8i ϩ/Ϫ and C57BL/6 mice using an ELISA. During the primary response to NP-KLH, a 4 -8-fold induction of NP-specific IgM was measured in B1-8i ϩ/Ϫ serum. The response peaked 21 days postimmunization (Fig. 3a) . C57BL/6 mice responded similarly; however, the response peaked at 7 days postimmunization. Thereafter, the serum IgM titers declined. In the secondary response, the serum anti-NP IgM response in WT littermates was indistinguishable from the primary response. In contrast, in B1-8i ϩ/Ϫ mice, the secondary response resulted in IgM levels that were increased 20-fold above baseline levels.
Previous reports have established techniques to use steady-state ELISAs with differentially haptenated target Ags to estimate the relative affinities of NP-reactive IgGs (15) (16) (17) (18) . Using this approach, we detected total NP-reactive IgG1 Abs using ELISA plates that were coated with NP 24 BSA. In contrast, by using plates that were coated with the same concentration of BSA carrying only two NP residues for every BSA (NP 2 BSA), we detected IgG1s with only relatively high affinities for the hapten. It should be indicated clearly that this technique actually detects the average avidity of the Ab for the hapten Ag; however, in the case of bivalent IgG Abs, this measurement closely estimates affinity (16) . Using this strategy, NP 2 BSA efficiently captures Abs that bind with either high avidity or high affinity. Abs with low avidity or low affinity manifest higher off rates from NP 2 BSA than from NP 24 BSA and are not detected using the sparsely haptenated target Ag (15, 17) .
The serum anti-NP IgG1 titer of B1-8i ϩ/Ϫ mice was similar to that of WT littermates (Fig. 3b) . Serum anti-NP IgG2b, IgG2c, and IgG3 were also similar between the two strains (data not shown). These data were consistent with previous reports that demonstrated that the increase in NP-specific B cells in B1-8i mice does not correlate directly with the levels of serum anti-NP IgGs (19) . Interestingly, after a booster immunization, B1-8i ϩ/Ϫ mice produced 4-fold less high-affinity anti-NP IgG1 Ab than C57BL/6 mice ( Fig.  3c ). This defect in affinity maturation persisted even after secondary and tertiary booster immunizations (data not shown).
High B cell clonal abundance interferes with affinity maturation
Immunization of B1-8i
ϩ/Ϫ mice with NP-KLH resulted in the redistribution of NP-reactive cells in a fashion that was similar to that described previously for adoptively transferred Ag-specific B cells in the lymph nodes (6) and Ag-specific B cells in the spleen (12) . Furthermore, the fact that specific immunization induced the production of NP-reactive IgM and IgG Abs demonstrated that B1-8i ϩ/Ϫ mice were capable of responding to a primary and a secondary immunization and that their ability to undergo isotype switching was preserved; however, the dramatic impairment of affinity maturation indicated that there is disturbed regulation of the humoral response in this transgenic model. There is precedent for impaired lymphocyte regulation in mice carrying abundantly expressed Ag receptors. For example, primary immunization of TCR-transgenic mice such as those of the DO11.10 strain leads to abnormally high levels of cell death and thymic involution (20) . In our experiments, we have considered that the aberrant affinity maturation may have been due to a B cell intrinsic defect. Alternatively, the abnormal response may not represent an intrinsic B cell impairment, but rather may represent the natural expression of normal immunoregulatory pathways.
A major distinction between B1-8i ϩ/Ϫ mice and WT mice is the proportion of recirculating B cells that has specificity for the hapten NP. We hypothesized that the large numbers of NP-specific precursor B cells in the B1-8i ϩ/Ϫ mice ( Fig. 1 ) may result in increased competition for limiting signals that were required for affinity maturation of the Ab response to the hapten. It is well established that affinity maturation and isotype switching both require T cell help (13) . We considered that the impaired affinity maturation we observed in the B1-8i ϩ/Ϫ mice might have been due to a disproportionately smaller T H cell population compared with the large number of NP-specific B cells in this strain. However, when we expanded the available pool of KLH-specific T H cells by priming B1-8i
ϩ/Ϫ mice with KLH before immunization with NP-KLH, we did not restore affinity maturation (Fig. 4) . This indicated that T cell help was not the critical limiting factor for affinity maturation in B1-8i ϩ/Ϫ mice when immunized with NPhaptenated carrier proteins.
To test whether the frequency of Ag-specific B cells affects affinity maturation, we used adoptive transfer of different numbers of B1-8i ϩ/Ϫ B cells into naive C57BL/6 mice to regulate the starting numbers of NP-reactive cells (Fig. 5ai ). Spleen cells (1 ϫ 10 8 ) from C57BL/6 mice and varying numbers of either CD43-depleted CD45.1 ϩ B cells from WT-congenic donors or CD43-depleted B1-8i ϩ/Ϫ Ϫ/Ϫ CD45.1 ϩ B cells were adoptively transferred i.v. into sublethally irradiated recipients. In naive B1-8i ϩ/Ϫ mice, ϳ2.5% of spleen B cells were NP reactive (Fig. 1b) . This represents ϳ1 ϫ 10 6 NP-specific B cells out of an average of ϳ5 ϫ 10 7 total B cells in the adult mouse spleen. Therefore, adoptive transfer of 10 6 B1-8i ϩ/Ϫ Ϫ/Ϫ CD45.1 ϩ B cells into naive irradiated recipient mice produced recipients with NP-specific B cells at a level similar to that detected in the B1-8i ϩ/Ϫ mice. In contrast, adoptive transfer of 10 4 donor B1-8i ϩ/Ϫ B cells yielded recipients in which NP-reactive transgenic B cells represented ϳ0.025% of the total B cell population, a frequency closer to the estimated frequency in WT adult mice.
B1-8i ϩ/Ϫ mice responded to immunization with NP-KLH with an ϳ8-fold higher titer of hapten-specific IgM compared with the titer in WT mice (Fig. 3a) . Unlike B1-8i ϩ/Ϫ mice, the levels of NP-specific IgM in the sera of mice that received either adoptively transferred WT B cells, 10 4 B1-8i ϩ/Ϫ B cells, or 10 6 B1-8 ϩ/Ϫ B cells all were similar following immunization with 50 g of NP-KLH (Fig. 5aii) . The higher levels of serum IgM in immunized WT mice compared with the levels in the mice that received adoptively transferred WT or B1-8i ϩ/Ϫ B cells may have been due to the steady input of naive B1-8i ϩ/Ϫ B cells that occurs in an ongoing fashion in the B1-8i ϩ/Ϫ mouse strain. The induced levels of total anti-NP serum IgG1 were similar in all groups of mice despite a 100-fold difference in the starting frequencies of B1-8i ϩ/Ϫ B cells between the mice that received the low and high numbers of adoptively transferred NP-reactive cells (Fig. 5aiii) . This was consistent with the observation that the numbers of NP-specific B cells do not correlate with the titers of NP-specific IgG1 (19) (Fig. 3b) . Strikingly, mice that received the high frequency of adoptively transferred NP-specific B cells produced 11-fold less high-affinity anti-NP IgG1 than control mice. In contrast, mice that received the low frequency of adoptively transferred B1-8i ϩ/Ϫ B cells produced levels of high-affinity anti-NP IgG1 only 2-fold lower than mice reconstituted with WT B cells (Fig. 5aiv) . Together, these data demonstrated that total production of Ag-specific serum Ab was independent of the starting numbers of Ag-specific B cells, but that production of high-affinity Ab was dependent on maintenance of an appropriately low frequency of Ag-specific B cells.
To determine the contributions of the transgenic and the WT B cells to the NP-specific Ab response, we performed allelespecific ELISA. When mice that received adoptive transfer of NP-specific B1-8 B cells were immunized with NP-KLH, the high-affinity anti-NP Ab response from the endogenous WT cells was suppressed in a B1-8 cell number-dependent manner (Fig. 5b, i and ii) . The titer of total anti-NP IgG1 a was similar regardless of the numbers of B1-8 donor B cells (Fig. 5biii) . When B1-8 B cells were present in high numbers, affinity maturation was inhibited (Fig. 5biv) . In contrast, affinity maturation was observed when low numbers of B1-8 B cells were transferred. These data established that B1-8 B cells were proficient to undergo affinity maturation when their population density was low. The inverse correlation between the numbers of B1-8 B cells transferred and the amount of anti-NP Ab produced by the WT B cells represent interclonal competition between the functionally monoclonal B1-8 B cells and the diverse WT B cell repertoire. Although the frequency of B1-8 cells did not have a large affect on either the amount of IgM or the total (high affinity plus low affinity) IgG1 produced, affinity maturation was attenuated when the B1-8 B cell frequency was high. These data indicate that the density of the responding cell population does not affect the overall quantity of the Ab response but does significantly alter the quality of the serum Ab.
Clonal selection is modulated by the density of the responding B cell population
To investigate whether the defect in affinity maturation observed in the B1-8i ϩ/Ϫ mice was due to aberrant SHM, we sequenced the V H 186.2-␥1 transcripts from immunized C57BL/6 and B1-8i ϩ/Ϫ mice. Affinity maturation was tracked by the accumulation of the affinity-determining tryptophan to leucine mutation at codon 33 (W33L) in the sequence of individual clones. This single point mutation of the germline W to L results in a 10-fold increase in affinity of the Ab for NP (21) . Seventy to 80% of unique V H 186.2-␥1 transcripts amplified from spleens of immunized C57BL/6 mice contained the high-affinity W33L mutation in contrast to 50% of transcripts from B1-8i ϩ/Ϫ spleens. Furthermore, the ratio of replacement:silent (R:S) mutations in the CDR1 and CDR2 from C57BL/6 mice was 3.2 vs 1.5 from B1-8i ϩ/Ϫ mice. These data indicate that selection of high-affinity Ab-expressing B cells is impaired in immunized B1-8i ϩ/Ϫ mice. V H 186.2-␥1 sequences were also analyzed in the adoptive transfer model. During the generation of the B1-8i ϩ/Ϫ strain, a silent T to C mutation was engineered into the HC cryptic recombination signal sequence at nt 292 to prevent V H gene replacement (14) . This mutation and the DFL16.1-J H 2 rearrangement distinguished the B1-8 sequences from the nontransgenic sequences. For mice carrying only WT HC genes, the mean percentage of unique sequences carrying the W33L mutation was 58%, (35-77%; Table I ). Sixty-two percent of sequences from B1-8 B cells in the mice that received adoptive transfer of 10 4 B1-8 B cells carried the W33L mutation, ranging from 43 to 76%. In contrast, mice that received adoptive transfer of 10 6 B1-8 B cells manifested a lower distribution of clones carrying the high-affinity mutation (22-58%, with a mean of 41%). Although the accumulation of point mutations was only modestly reduced (data not shown), these data suggest that when there are abnormally high numbers of B cells with the same antigenic specificity, the frequency of transcripts that accumulate mutations resulting in a high-affinity Ab product is reduced. Interestingly, similar to C57BL/6 mice, the mean R:S ratios of mutations in the HC were 2.2 and 2.5, respectively, for the control mice and the mice that received adoptive transfer of the low frequency of B1-8 B cells, indicating a strong selection for replacement mutation within the CDRs. The mean R:S ratio in mice that received the high frequency of B1-8 B cells was 1.4, confirming in the adoptive transfer system that reduced selection is observed when the frequency of clonally related B cells is high.
Intraclonal competition suppresses formation of high-affinity ASC
Analysis of the serum Abs produced after immunization indicated that production of high-affinity anti-NP IgG1 was dramatically reduced in B1-8i ϩ/Ϫ mice and mice that received 10 6 B1-8 B cells. In contrast, DNA sequencing indicated that approximately onehalf of the V H 186.2-␥1 transcripts amplified from spleens of these mice were from cells that potentially could produce high-affinity Ab because the included the high-affinity encoding W33L mutation. Because each of the sequences analyzed displayed a unique nucleotide sequence, the possibility that the discrepancy between the measurements of hapten-binding avidity and the presence of the high-affinity-determining codon 33 mutation might be due to the PCR artifact representing contamination of the samples with plasmid DNA is very unlikely. A more likely alternative explanation for the discrepancy between the sequence data and the ELISA data is that the sequenced transcripts were from a pool of total spleen cells, representing the entire expressed V H 186.2-␥1 repertoire including transcripts for secreted Ab from ASC and membrane-bound Ab from memory or activated B cells. In contrast, the serum Abs measured by ELISA derive from cells driven to produce secreted Ab.
To determine whether cells in the B1-8i ϩ/Ϫ mice were competent to produce NP-specific Abs, particularly high-affinity Abs, we used ELISPOT assays to identify high-affinity and total anti-NP IgG1-producing cells in BM of immunized mice. There were 3-fold greater numbers of high-affinity IgG1 ASC in BM of C57BL/6 mice compared with BM of B1-8i ϩ/Ϫ mice (Fig. 6a) . Interestingly, when WT mice were sublethally irradiated and reconstituted with WT splenocytes plus 10 6 B1-8 B cells, then immunized, the numbers of high-affinity anti-NP IgG1 ASC in BM were also reduced (Fig. 6, b and c) . In contrast, reconstitution of mice with WT splenocytes plus 10 4 B1-8 B cells before immunization showed a near normal high-affinity ASC response. This suggested that the transcripts carrying the high-affinity-determining W33L mutation that we observed in the immunized B1-8i ϩ/Ϫ mice and in WT mice that had received 10 6 adoptively transferred B1-8 B cells were unlikely to contribute to the long-lived ASC pool and circulating Ab.
Under normal conditions, the pool of long-lived ASC elicited in response to a systemic infection resides primarily in the BM and is composed largely of high-affinity ASC while the pool of memory B cells in the BM is thought to be composed of a mixture of high and low or primarily low-affinity cells (22) . Our observation that the numbers of high-affinity ASC are reduced in the BM of B1-8i ϩ/Ϫ mice indicated that the mechanisms governing ASC and/or memory B cell development are disrupted in these animals. To address whether the effector ASC and memory B cell populations are altered when B cells are subjected to intraclonal competition, we examined BM from control mice and from mice that had received adoptive transfer of either 10 4 or 10 6 B1-8 B cells before primary and booster immunization. Long-lived intracellular IgG ϩ CD138 ϩ ASC make up 1.7% of the CD43 ϩ fraction in WT mice compared with 2.1% in mice that received the low numbers of adoptively transferred cells. Although there was an increase in the numbers of CD138 high ASC in the mice that received 10 6 adoptively transferred cells, the percentage of long-lived ASC in these animals was significantly reduced compared with that in WT mice and mice that had received 10 4 adoptively transferred cells (Fig. 7a) .
We have demonstrated that the development of long-lived ASC can be influenced and the numbers of ASC can be suppressed when unusually high numbers of Ag-specific B cells are present. Previous studies from Marzo et al. (23) have established that following immunization, large numbers of clonally restricted, Agspecific CD8 T cells revert from an effector memory CD8 ϩ T cell phenotype into a central memory CD8
ϩ T cell phenotype. We hypothesize that the large numbers of NP-specific B cells present in the B1-8i ϩ/Ϫ strain in similar fashion may be impaired for differentiation into the high-affinity long-lived ASC compartment. This impairment may not be restricted to the long-lived ASC compartment alone, but may be observed in the memory compartment as well. adoptively transferred B1-8 B cells showed substantially up-regulated expression of class II MHC (Fig. 7b) . IgG1 ϩ low NP-binding cells were predominately B220 low/Ϫ . This population consisted of a mixture of low-affinity ASC and B cell blasts. The IgG1 ϩ/high NP-binding population expressed high levels of B220 and was composed of high-affinity, activated, and memory B cells that were CD38 high CD22 int/high . Although mice that received adoptive transfer of 10 6 B1-8 B cells had reduced numbers of B cell blasts and ASC, these mice did show enrichment of the high-affinity B220 high CD38 high CD22 int/high activated and memory phenotype B cells (Fig. 7b) .
High Ag dose restores affinity maturation in B1-8i
The process of affinity maturation of the Ab response requires delivery of a combination of BCR-dependent signals that activate Ag-specific B cells along with T cell-dependent signals that provide B cell help. Since our initial studies showed that preactivation of carrier-specific T H cells by priming with the carrier protein failed to restore affinity maturation, we suspected that T cell help, per se, was not limiting for the affinity maturation response. We therefore tested whether Ag-dependent signals were limiting by immunizing mice with an increased dose of the Ag (150 g of NP-KLH, rather than the 50-g dose used originally). Although the titer of total NP-specific IgG1 remained unchanged in WT and B1-8i ϩ/Ϫ mice, immunization with the higher Ag dose induced high titers of high-affinity NP-specific IgG1 in the B1-8i ϩ/Ϫ mice (Fig. 8) .
To test whether immunization with high-dose Ag restored the production of high-affinity Abs in the adoptive transfer model, we analyzed mice that received 10 6 WT B cells or 10 6 B1-8 ϫ Ϫ/Ϫ B cells by adoptive transfer before immunization with either 50 g or 150 g of NP-KLH plus alum. Mice treated in this fashion accumulated similar levels of total serum anti-NP IgG1 when immunized and boosted with either the low or the high dose of Ag (Fig. 9a, f) . In contrast, raising the dose of immunizing Ag from 50 g to 150 g increased the high-affinity IgG1 response nearly 3-fold (Fig. 9a, Ⅺ) . To determine whether the B1-8 B cells contributed to the high-affinity Ab production, we performed allelespecific ELISA. As previously shown, when B1-8 B cells are present at high cell density (following adoptive transfer of 10 6 cells), immunization with 50 g of NP-KLH plus alum resulted in suppression of the production of high-affinity Ab (Fig. 5biv) and also suppression of the generation of high-affinity ASC (Fig. 6c) . Although the B1-8 B cells produced detectable high-affinity NPreactive IgG1 a (Fig. 9b, Ⅺ ) when mice were immunized with 50 g of NP-KLH, this represented only 30% of the total NP-reactive Ab present in the blood. In contrast, when mice that had received adoptive transfer of 10 6 B1-8 B cells were immunized with 150 g of NP-KLH, a robust affinity-matured Ab response was observed (Fig. 9b, Ⅺ) . Thus, in the adoptive transfer model, as well as in the B1-8i ϩ/Ϫ mouse strain itself, immunization with a high dose of Ag restored the high-affinity Ab response.
These data have identified Ag-dependent signaling as a key resource that B cells compete for in the induction of a high-affinity Ab response. When the numbers of naive, clonally related, Agspecific cells are high and when the relative amount of the Ag is limited, then affinity maturation is attenuated. This is in sharp contrast to the situation in mice with a diverse polyclonal B cell repertoire in which cells compete for limiting Ag and clones with high-affinity BCRs expand.
Discussion
The normal T cell-dependent humoral immune response is characterized by activation of Ag-specific B cells and T cells, expansion of the pool of responding B cells to permit production of substantial amounts of circulating Abs, switching to isotypes appropriate for elimination of the immunizing Ag, and affinity maturation to permit the immune response to eliminate the Ag even as its concentration becomes very limited. In our current study, we have observed in the B1-8i ϩ/Ϫ Ig HC-transgenic mouse strain that affinity maturation is impaired when the number of Ag-specific naive B cells is inappropriately large. We saw no evidence of failure to activate the SHM process. Rather, we observed that there was failure to select high-affinity B cell variants as a likely cause of the impaired generation of high-affinity ASC. This impairment of affinity maturation in the B1-8i ϩ/Ϫ mice was not a B cell intrinsic defect. Affinity maturation could be reestablished either by reducing the number of Ag-specific naive B cells by adoptive transfer into a nontransgenic host or by immunizing with an increased amount of Ag.
In addition to having large numbers of B cells that are poised to respond to immunization with NP-haptenated Ag, the B1-8i ϩ/Ϫ strain differs from WT mice in that it has elevated levels of circulating NP-binding serum Abs that are present before deliberate immunization with NP-haptenated Ag (data not shown). We have considered that the elevated levels of anti-NP IgM in naive B1-8i ϩ/Ϫ mice might affect the quality of the Ab response following immunization. Previous studies have demonstrated that infusion of Ag-specific Ab into naive mice can alter the quality of the humoral response following systemic immunization. Several studies (24 -26) found that injection of Ag-specific IgM before immunization enhanced the endogenous Ab response to subsequent immunization. This enhancement of the humoral response was dependent on the formation of immune complexes by the passively transferred IgM (27) . Arguing against a role for elevated levels of anti-NP IgM in the attenuated affinity maturation in the B1-8i ϩ/Ϫ mice is our observation that affinity maturation was attenuated both in B1-8i ϩ/Ϫ mice and in WT mice that received adoptive transfer of 10 6 B1-8 B cells (Fig. 5) . Before immunization, the mice that received adoptive transfer of B1-8 B cells had levels of anti-NP IgM and IgG equivalent to the levels observed in naive WT mice that are competent to exhibit normal levels of affinity maturation. Studies by Freitas et al. (28) showed that when WT mice were reconstituted with a mixture of WT and BCR-transgenic BM, the initial growth curves of WT and transgenic B cells were similar. Once steady state was reached, the WT B cells became the predominant population (28) . The B cell population could be shifted toward greater representation of the transgenic B cells if the mice were immunized with the Ag specific to the transgenic BCR (29) . In other experiments, mice with conditional ablation of surface Ig had diminishing numbers of peripheral B cells, indicating that BCR signaling is necessary for B cell survival in the periphery (30) .
In our adoptive B cell transfer experiments, we anticipated that irradiation of the recipient mice created niches that support the engraftment of all donor cells equivalently, irrespective of their clonal specificity (Ref. 28 and T. L. Le, unpublished data). Furthermore, we anticipated that immunization with NP-haptenated carrier proteins should favor selection of the NP-specific transgenic cells over the WT donor cell population. Our data indicate that when the numbers of cells from an individual B cell clone are high, this leads to failure to select cells carrying somatically mutated high-affinity Ig HC. Our data support the concept that interclonal competition selected for the NP-specific B1-8 B cells over the predominately Ag-nonspecific WT polyclonal B cells. Competition for limited resources was high because of the large representation of NP-specific B1-8 B cells in the total B cell pool.
Cells compete for limiting resources that are needed for growth or survival, including cytokines, mitogens, or local cellular niches such as the GC. In our studies, increasing the dose of immunizing Ag was able to restore affinity maturation in B1-8i ϩ/Ϫ mice in a fashion similar to reducing the B1-8 B cell clonal abundance by adoptive transfer into WT mice. Batista et al. (7) have demonstrated that B cells are capable of acquiring membrane-bound Ag, internalizing the Ag, and subsequently presenting the processed Ag to T H cells. This ability to acquire membrane-bound Ag displayed on target cells provides a possible mechanism for affinitybased selection of B cells. When B1-8 B cells or NP-specific B cells are rare and infrequent, the cells are able to test their affinity and undergo affinity-based selection efficiently. B cells with low affinity have the potential to interact with the membrane-bound Ag, but are at a disadvantage and unable to acquire and internalize the Ag as efficiently as high-affinity cells. These cells likely receive very low-level stimulation, are negatively selected in the GC, and undergo apoptosis if the Ab is nonspecific or autoreactive. However, when B1-8 B cells are abundant, a fraction of the cells may capture and internalize the Ag, preventing the remaining B1-8 B cells from contacting the now more limited amounts of Ag. Thus, in the setting of high numbers of Ag-specific cells, the acquisition of Ag by a minority population of cells may create an environment in which the majority of cells (which have not encountered the Ag) are at a selective disadvantage, resulting in an overall reduced high-affinity response.
B cell activation requires BCR cross-linking. This process is enhanced when the antigenic particle is displayed at high density. Immunization with virus-like particles (VLP) that displayed low, medium, or high densities of an antigenic peptide induced similar IgM responses to the peptide and was not dependent on epitope density. Alternatively, the IgG response to the peptide was severely reduced when VLP with low-density peptide were used to immunize mice. Antipeptide IgG was induced only when highdensity peptide VLP were used to immunize mice (31) . This indicated that the induction of an IgG response requires multiple Ag-capturing events and cross-linking of the BCR. Increasing the numbers of Ag-specific B cells skews the ratio of B cell:Ag, which can result in insufficient activation or selection via the reduction of cross-linking events. The lack of Ag-based selection may result in a loss of apoptotic signals, further altering the balance of high-affinity and low-affinity B cells and the pathway to memory or ASC differentiation. Mice that are reimmunized with Ag shortly after the primary immunization have increased numbers of apoptotic bodies within the GC (32) . This observation is in keeping with our finding that increasing the amount of Ag can rescue affinity maturation by enhancing Ag-dependent selection in the GC. Our data show that isotype switching can occur in the context of failed selection for production of high-affinity Abs. Specifically, we find that high intraclonal competition results in failure of somatically mutated cells to progress to ASC. Our observation that immunization with increased amounts of Ag can restore affinity maturation suggests that this intraclonal competition is based at least in part on Ag being a limiting resource for the subsequent selection of high-affinity B cell clones to generate high-affinity ASC when B1-8 B cells are present in large numbers.
When the V H 186.2 sequences of IgG1 transcripts were compared between NP-KLH-immunized and boosted control mice and mice that received 10 6 B1-8 B cells, we observed that there were small numbers of unique sequences and a high frequency of sequences that were identical in the mice that received transgenic B cells (Table I ). These data suggested that although B cell activation and class switching occurred, the repertoire of V H gene diversity generated by SHM was very limited. It is formally possible that recovery of a large number of identical sequences was the result of selective PCR amplification of a limited subset of the expressed V H sequences; however, because recovery of large numbers of identical sequences was restricted to mice that received adoptive transfer of large numbers of B1-8 B cells and because the amplified transcripts were from B cells that were activated and class switched, we conclude, rather, that recovery of multiple identical HC sequences was the result of there being a limited number of mutations in the V H genes of the pool of activated B cells. This indicated that in the setting of high intraclonal competition there was reduced efficiency of SHM. This was in the context of the total level of NP-specific serum IgG being similar in the B1-8i ϩ/Ϫ mice and the WT mice, as were the numbers of total NP-specific IgGproducing ASC. Although CSR and SHM are mechanistically linked by activation-induced cytidine deaminase (33) , studies from the laboratories of Honjo and colleagues (34) and Nussenzweig and colleagues (35) have independently demonstrated that these processes can occur separately. Our data further underscore the fact that CSR and affinity SHM are not obligately linked.
The mechanisms governing the formation of the memory and long-lived ASC compartments remain controversial. The stochastic model suggests that BCR-independent signals such as IL-4 and IL-5 drive ASC differentiation (36) . In contrast, studies comparing GC B cells with high-affinity BCR to cells with low-affinity BCR demonstrated that high-affinity cells expressed Blimp-1, whereas low-affinity cells did not (37) . Also, analysis of V H gene sequences supported the hypothesis that the memory B cell pool expresses relatively low-affinity BCR while the ASC compartment in the BM produces Ab with relatively high affinity (22) . These data support a differential signaling model for determination of memory cell and ASC formation.
In the setting of high intraclonal competition, we found that the numbers of high-affinity ASC were reduced and a large fraction of the high NP-binding B220 ϩ cells displayed a memory cell-like phenotype with enhanced expression of CD22 and MHC II. The relative frequency of these NP-specific memory-like cells compared with ASC in immunized B1-8i ϩ/Ϫ mice exceeded that in immunized WT mice and also in immunized mice that were recipients of 10 4 adoptively transferred NP-binding B1-8 B cells. Additional studies will determine whether these phenotypically memory-like cells express functional memory. Nonetheless, the data indicate that a low Ag-specific precursor B cell population is optimal for establishment of a high-affinity Ab response. The reduction of high-affinity ASC correlates with a shift toward generation of memory-like B cells albeit with a reduction in the numbers of total NP ASC and memory cells. Together, these data indicate that there were insufficient signals or growth factors to support the development of high-affinity ASC. These signals most likely originate from cells that reside within the GC structure.
Our data demonstrate clearly that the normal differentiation pathway that guides isotype-switched B cells through the process of SHM, selection of high-affinity variants, and progression either to ASC formation or B memory cell formation is dependent on maintaining limited intraclonal competition. Our studies have been facilitated by the well-characterized B1-8i ϩ/Ϫ BCR-transgenic mouse strain (14) in which the precursor frequency of naive B cells specific for the small hapten NP can be manipulated over a broad range. The extent to which the mechanisms identified here will dramatically impact the humoral responses to complex, multi-epitope protein Ags remains to be tested. With this caveat in mind, our data highlight the need to be aware of the stoichiometry under which B cells are activated in vivo. Furthermore, our data establish the presence of previously unrecognized control points that govern important B cell differentiation processes that follow class switching, leading to the expression of an affinity-selected Ab response.
